Using a database of 655 recordings from 58 earthquakes, empirical response spectral attenuation relations are derived for the average horizontal and vertical component for shallow earthquakes in active tectonic regions. A new feature in this model is the inclusion of a factor to distinguish between ground motions on the hanging wall and footwall of dipping faults. The site response is explicitly allowed to be non-linear with a dependence on the rock peak acceleration level.
INTRODUCTION
Ground motion attenuation relations can be regionalized into three categories: shallow crustal earthquakes in active tectonic regions (e.g., Western North America), shallow crustal events in stable continental regions (e.g., Central and Eastern North America), and subduction zones (e.g., Pacific
Northwest and Alaska). In this study, we develop empirical models for the attenuation of response spectral values for both the average horizontal and the vertical components applicable to shallow crustal events in active tectonic regions.
STRONG MOTION DATA SET
The data set used in this study is based on worldwide data which consists of strong ground motions from shallow crustal events in active tectonic regions, excluding subduction events. Events up through the 1994 Northridge earthquake are included. There are 853 recordings from 98 mainshocks and aftershocks with magnitude greater than 4.5 in the full data set. Recordings with unknown or poor estimates of the magnitude, mechanism, distance, or site condition were excluded from the data set used in the regression analysis. This reduced the data set used in the analysis to 655 recordings from 58 earthquakes. The 58 events used in the analysis are listed in Table 1 .
Record Processing
All of the records were reprocessed using a common reprocessing procedure. The correction procedure involves 5 steps:
1. interpolation of uncorrected unevenly sampled records to 400 samples/sec; 2. frequency domain low-pass filtering using a causal 5-pole Butterworth filter with the corner frequency selected for each record based on visual examination of the Fourier amplitude spectrum; 3. removing the instrument response; 4. decimating to 100 or 20 samples/sec depending on the low-pass filter corner frequency; and 5. applying a time domain baseline correction procedure and a final high-pass filter. The baseline correction procedure uses a polynomial in degree 0-10 depending upon the initial integrated displacements. The characteristics of the high-pass filter is that of an overdamped oscillator (Grazier,1979) . It is flat about its corner frequency and falls off proportional to frequency on either side. The filter is applied in the time domain twice, forward and reverse, resulting in a zero phase shift processed record. As with the polynomial baseline correction, the highpass filter parameters are selected based on visual examination of the filtered integrated displacements for a suite of parameter values. The response spectral values are only used in the regression if the frequency is greater than 1.25 times the high-pass corner frequency and less than 1/1.25 times the low-pass corner frequency. This ensures that the filter will not have a significant effect on the response spectral values used in the regression. This requirement produces a data set that varies as a function of period. The number of recordings in the final data set is shown in Figure 1 as a function of period.
Site Classification
The site classification is based on the Geomatrix site class that is given in Table 2 . In this study, we have combined Geomatrix site class C and D into a single deep soil site category. The Geomatrix A and B classes (rock and shallow soil) were also combined into a single "rock" site category. Although the site classification listed in Table 2 has quantitative values, for most of the sites, such quantitative information is not available, so the sites are classified subjectively using the criteria listed in Table 2 as a guide rather than a strict classification scheme.
Distance Definition
Several different distance definitions have been used for developing attenuation relations. In this study, we have used the closest distance to the rupture plane, r rur This is the same distance as used by Idriss ( 1991) and Sadigh et al. (1993) . The distribution of the data in terms of magnitude and distance space is shown for four periods (T = 5.0, 1.0, 0.2, and 0.075 seconds) in Figures 2 and 3 for the horizontal and vertical components, respectively. ...l... ;j!li~i l:jMs,ilf--11 tnbcxnb 1IJJDO 1 ·•~· -,,-, , I ~ Im a : We use a random effects model for the regression analysis. The random effects model is a maximum likelihood method that accounts for correlations in the data recorded by a single earthquake. For example, if an earthquake has a higher than average stress drop, then the ground motions at all sites from this event are expected to be higher than average. We use the procedure described by Abrahamson and Youngs (1992) ro apply the random effect model. In a standard fixed effects regression, the model can be written as
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where Yk is the ground motion, Mk is the magnitude and rk is the distance for the kth data point. The ek term is assumed
In contrast, the random effects model can be written as
Y. =f(M-,r--)+e .. +7]-
where Y;j is the ground motion for the jth recordings from the ith earthquake, M; is magnitude of the ith earthquake, and rij is the distance for the jth recordings from the ith earthquake. There are two stochastic terms in the model.
Both eij and 7]; are assumed to be normally distributed with mean zero. The random effects model uses the maximum likelihood method to partition the residual for each recording into the eij and 7]; terms. There are two parts to the standard error for the model: an inter-event term, r, which is the standard error of the 1J; and intra-event term, CY, which is the standard error of the £;/ The total standard error of the model is
The Joyner and Boore (1981) two-step method also accounts for the correlation in the data from a single earthquake by explicitly estimating an event term for each event in the 6rst step. In their model, the random terms, 1J ;, are replaced by 6xed effects terms (coefficients of the model). The random effects model differs from the two-step method described by Joyner and Boore (1981) in that for events with only a few recordings, part of the mean event term may be due to random variations of the data (intra-event variations) and poor sampling of the event. As described by Abrahamson and Youngs (1992) , for poorly sampled events, the random effects method estimates how much of the event term is likelv to be due to random sampling of the intra-event distributi~n and how much is likely to be due to systematic differences between the event and the average. If all of the events have a large number of recordings, then the two-step method and the random effects method become equivalent.
Regression Model
In developing the functional form of the regression equation, we combined features of the regression equations that have been used in previous studies. The general functional form that we employ is given by:
where Sa(g) is the spectral acceleration in g, M is moment magnitude, r rup is the closest distance to the rupture pl~e in km, Fis the fault type (1 for reverse, 0.5 for reverse/oblique, and O otherwise), HW is the dummy variable for hanging wall sites (1 for sites over the hanging wall, 0 otherwise), and Sis a dummy variable for the site class (O for rock or shallow soil, 1 for deep soil). For the horizontal component, the geometric mean of the two horizontals is used. 
This form is a composite of several previous studies. The slope of the log distance term is magnitude dependent as was used by Idriss (1991) . The Idriss model differs from our model in that it uses exponential models for the magnitude dependence of the slope whereas we have used a linear dependence. The saturation of high frequency ground motion at short distances is accommodated by the magnitude dependent slope.
For long periods, a linear magnitude dependence is not adequate. Most recent studies have found that higher order terms are needed. Boore et al. (1993) include a quadratic term; Campbell (1993) includes a hyperbolic arctangent term, Idriss (1991) includes an exponential magnitude term, and Sadigh et al (1993) includes a higher order polynomial term. These different models give similar models when 6t to the same data. We have adopted the functional form used by Sadigh et al. (1993) .
For the distance term inside the log, we have used the model similar to that used by Boore et al. (1993) . In the Boore et al (1993) model, the c 4 term can be interpreted as a fictitious depth. In our model, however, we are using the rupture distance (which can include depth for dipping faults and for fault that do not reach the surface), so the interpretation of c 4 as a depth term is not dear. Nevertheless, we have adopted the model because it yields a marginally better fit to the data at short distances.
Style-of-Faulting Factor
The distinction between ground motions from strike-slip and reverse faults has become common in recent attenuation relations (e.g., Idriss, 1991; Sadigh etal., 1993; Boore etal., 1997; Campbell and Bozorgnia, 1994) . The difference in ground motion between reverse and strike-slip events is called the style-of-faulting factor. Most attenuation relations have considered a constant style-of-faulting factor that applies to all magnitudes, distances, and periods. Sadigh et al. (1993) and Campbell and Bozorgnia (1994) included a magnitude and distance dependence of the style-of-faulting for peak acceleration. Boore et al. (1997) include a period dependence to the style-of-faulting factor.
In this study, we have used a functional form that allows for a magnitude and period dependence of the style-of-faulting factor:
Hanging Wall Effect
We also followed the approach used by Somerville and Abrahamson ( 1995) to model the differences in the motion on the hanging wall and foot wall of dipping faults. In this previous study, a comparison was made between the ground motions for sites on the hanging wall with those on the foot wall and with those off the ends of the fault rupture. A significant systematic increase in ground motions was found for sites over the hanging wall, but the decrease in ground motion for sites on the foot wall was not as systematic. As a result, the ground motion for dipping faults was separated into two categories: sites on the hanging wall side of the rupture and within the edge of the rupture, and sites on the foot wall side or off the end of the rupture. The hanging wall effect is considered to be primarily a geometric effect that results from the distance definition used in this study. (The distance measure used by Boore et al, 1993 implicitly accounts for the difference in the ground motion over the hanging wall and footwall.) The magnitude and distance dependence of the functional form,.f4 (M, r,up) , for the hanging wall effect is taken from Somerville and Abrahamson (1995) and is modeled as separable in magnitude and distance so that 
Site Response
A key aspect is the use of a functional form that accommodates non-linear soil response. We followed the approach used by Youngs (1993) in which the soil amplification is a function of the expected peak acceleration on rock. This approach allows a single regression for both soil and rock while preserving the differences between soil and rock attenuation. The non-linear soil response is modeled by fs(PGA.rock) = a10 + a11 ln(PG.Arock + c5)
where PGArock is the expected peak acceleration on rock in g (as predicted by the median attenuation relation with S = 0). A similar functional form was proposed by Youngs (1993); the only difference here is the addition of the c 5 term.
Standard Error
Several recent attenuation studies have found that the standard error is dependent on the magnitude of the earthquake (Sadigh, 1993; Idriss, 1991; Campbell, 1993) or is dependent on the level of shaking (Campbell and Bozorgnia, 1994) . This issue is discussed at length in Youngs et al (1995) . In this study, both the inter-event ( r) and intra-event ( CY) standard errors are allowed to be magnitude dependent and are modeled as follows: The magnitude dependence of the standard error is estimated using the random effects model which avoids underestimating the standard error for large magnitude events due to the fewer number of events (as compared to small and moderate magnitude events).
The total standard error is then computed by adding the variance of the two error terms. The total standard error was then smoothed and fir to the form forM::s;;5.0 (13) 
Sa vs Sa/pga
In many previous studies for response spectral attenuation, the regression has been separated into two steps: a regression for the peak acceleration and a regression for the normalized spectral shape, Sa/ pga. An advantage of this approach is that the normalized spectral values are less variable than the spectral accelerations. Therefore, the higher order terms in the magnitude dependence can be estimated with less uncertainty. One assumption that is usually made when using nomalized spectral values is that the magnitude saturation term (term inside the log) for spectral acceleration at all periods is the same as for peak acceleration. This assumption greatly simplifies the functional form of the normalized spectral shape. This assumption is the biggest potential drawback of using the normalized spectra approach. The Boore et al. (1993) model shows that the c 4 term is period dependent. If a period dependent c 4 term is used, then the resulting regression model becomes so complex that you have lost much of the advantage of using normalized spectral shapes.
We have dealt with this issue by fitting the Sa values directly (not normalized shapes) but restricting some of the coefficients to be independent of period. Reducing the number of coefficients that are period dependent helps to keep the response spectral values smoothly varying functions of distance, magnitude, and period without introducing bumps into the spectra.
Regression Results-Horizontal Component
The regression is computed using multiple steps. The multiple steps are used to constrain the resulting model to be a smooth function of period for all magnitudes, distances, mechanisms, and site conditions. Following each step, the period dependence of the uncorrelated coefficients was smoothed using piecewise continuous linear fits on the log period axis. For highly correlated coefficients, one coefficient was smoothed and then the other coefficients were re-estimated.
In the first step, the peak acceleration is fit to Eq. (3) with a 12 set to zero. The values of a 13 , a 2 , and a 4 are then fixed for the subsequent spectral values regression. In the second step, the spectral acceleration values are fit to Eq. (3). In the third step, the c 4 term was held fixed, and all of the other model parameters were estimated. In the fourth step, the all coefficients except a 10 and a 1 were fixed and new a 1 and a 10 values were estimated. In the fifth step, all coefficients except a 1 were held fixed and new a 1 values were estimated. The final smoothing on a 1 forces the model to produce smooth spectra for spectral velocity and displacement as well as for spectral acceleration. The final coefficients are listed in Table 3 .
We then evaluated the magnitude dependence of the standard errors for the final fit. The raw estimates of the inter-event and intra-event standard errors were combined to estimate the total standard error. The standard errors were smoothed by hand to produce the final model for the standard error (Table 4) .
The residuals of the model as shown in Figures 4 and 5 for periods of 1.0, 0.3, and 0.1 seconds. Since we are using the random effects model, there are two parts to the residual: an intra-event term and an inter-event term. These residuals are shown separately in Figures 4 and 5.
Regression Results-Vertical Component
The model for the vertical component was developed using the same functional form and multiple step procedure as for the horizontal component. The final smoothed model coefficients are listed in Table 5 . The smoothed standard errors are listed in Table 6 . The residuals for periods of 1.0, 0.3, and 0.1 sec are plotted by r rup and Min Figures 6 and 7 , respectively.
Model Predictions
Examples of the median ground motions for strike-slip events are shown in Figures 8 and 9 for the horizontal component and in Figures 10 and 11 for the vertical component.
DISCUSSION OF THE EMPIRICAL MODEL
There are several limitations of the empirical model developed in this study that should be considered in the application of the model to engineering projects.
The way the data set was constructed produces a data set that is biased to the larger motions. Ground motions that are larger than average have a higher likelihood of being above the noise level than ground motions from data that are smaller than average. Since the usable bandwidth of each recording was evaluated separately, rather than finding a single usable bandwidth for all of the data, we will likely have more larger than average recordings in the data set for the periods not completely sampled(< 0.1 sec and> 2 sec). By not using a cutoff to the first non-triggered instrument, we also tend to have ground motions biased to the larger values. We decided that it was preferable to have some biased data than to have no data for the high frequencies and long periods, so we accepted this bias.
The site response factor (h in Eq. 10) is dependent on only the expected peak acceleration on rock. It does not include a magnitude dependence to the site effect. While we consider this model to be an improvement over models that only consider a constant scale factor for the site effect at each period, this model does not include all of the effects that may be found in site specific studies based on analytical models of the site effect.
The style-of-faulting factor (h in Eq. 6) has a strong magnitude dependence. For rock sites, the effect is about 30% for large magnitude events but almost a factor of 2 for small (M < 5.8) magnitude events. This strong magnitude dependence is driven by the Coalinga aftershock sequence which represents 8 of the 11 reverse and reverse/ oblique events with magnitude less than 5.8. This sequence produced larger than average high frequency motion which lead to a large style-of-faulting factor for small magnitude events. The events in the sequence were treated as uncorrelated in the random effects model. If a sequence random effect was included in addition to (or in place of) the event random effect, then this large magnitude dependence of the style-offaulting factor may be reduced. Finally, the rock relation is based on a combination of the rock (class A) and shallow soil (class B) sites. Although the B class includes soils up to 20 m thick ( 2-.--------...----------,....----------,,-- .--------. . . . . . . . . -------..----------,r----- 6.5 5-+-----.--,---,......,.-,-,-,-,-+----,----,--..,.......,.--.-,...,+----,-- 
.,_-------l---------+--------'e-t------l

1.5--1------------1----------+--~------l-----1 <> <>
~
+ -------~-------~---~-~-~---~
a:
... ...,.....~,--..----.....,_ ....... ,_..,---,..,---,--....,....-,-.,........ ......... ........-,--~..--,--,--,.......,--,.--,...,. ..., 
10
.& Figure 11 . Median model predictions for a strike-slip earthquake at a rupture distance of 10 km for the vertical component.
